Abstract The eastern bettong Bettongia gaimardi, a potoroid marsupial, has been extinct on the Australian mainland since the s. Sixty adult bettongs were reintroduced from the island of Tasmania to two predator-free fenced reserves on mainland Australia. We examined baseline health parameters (body weight, haematology and biochemistry, parasites and infectious disease exposure) in a subset of  ( male,  female) individuals at translocation and again at - months post-reintroduction. The mean body weight increased significantly post-reintroduction but there were no significant differences in body weight between the two reintroduction sites or between the sexes in response to reintroduction. Differences were evident in multiple haematological and biochemical variables post-reintroduction but there were few differences between the two reintroduced populations or between the sexes in response to reintroduction. Ectoparasite assemblages differed, with five of  species failing to persist, and an additional four species were identified post-reintroduction. None of the bettongs had detectable antibodies to the alphaherpesviruses Macropodid herpesvirus  and  post-reintroduction, including one individual that was seropositive at translocation. Similarly, the novel gammaherpesvirus potoroid herpesvirus  was not detected by polymerase chain reaction (PCR) in any of the bettongs post-reintroduction, including one individual that was PCR-positive at translocation. None of the bettongs had detectable antibodies to Toxoplasma gondii either at translocation or post-reintroduction. Our data demonstrate changing baseline health parameters in eastern bettongs following reintroduction to the Australian mainland are suggestive of improved health in the reintroduced populations, and provide additional metrics for assessing the response of macropodoids to reintroduction.
Introduction
T he underlying health status of individual animals can influence survival during translocation and establishment in reintroduction programmes, and disease may influence the persistence of populations in the longer term (Kock et al., ; Cabezas et al., ; Clarke et al., ) . Disease may also have an impact on sympatric species at reintroduction sites, and detailed recommendations for assessing and managing disease risk in wildlife translocations have been published (Leighton, ; Travis et al., ; Jakob-Hoff et al., ) . Despite this, comprehensive health evaluations are not routinely undertaken, and the potential for disease to influence outcomes is often not considered nor adequately managed in reintroduction programmes (Mathews et al., ; Deem et al., ) . Various health parameters in freeranging wildlife species, including haematology and biochemistry, and parasite assemblages, are influenced by a range of environmental and host factors and could be expected to change when species are reintroduced to environments from which they have been extirpated (Schultz et al., ; Robert & Schwanz, ; Webster et al., ) . Evaluation of changes to health parameters pre-and postreintroduction could potentially be used to assess the longer term physiological response of species to reintroduction and may be a useful adjunct to traditional metrics (survival, dispersal and reproductive success) used to assess reintroduction outcomes (Ewen et al., ; Nichols & Armstrong, ; Maceda-Veiga et al., ) .
The eastern bettong Bettongia gaimardi is a small, nocturnal, predominantly mycophagous, potoroid marsupial that has been extinct on the Australian mainland since the s (Claridge et al., ) . In −  adults were reintroduced from the island of Tasmania to two predatorfree fenced reserves, Tidbinbilla Nature Reserve and Mulligans Flat Woodland Sanctuary, in the Australian Capital Territory (Batson et al., in press ). Comprehensive health assessments were undertaken during translocation, and baseline health and disease parameters were established for the species (Portas et al., ) . We hypothesized that health parameters of eastern bettongs would change postreintroduction and could therefore be useful measures for assessing the effect of reintroduction on bettong health beyond direct observations of morbidity and mortality. Here we compare body weight, haematology and biochemistry, parasite assemblages, and disease exposure (Toxoplasma gondii, macropodoid herpesviruses) of a subset ( males,  females) of the population pre-and post-reintroduction. We also compare the haematology and biochemistry of the populations at the two reintroduction sites and between the sexes in response to reintroduction.
Study area
Collection sites for free-ranging bettongs in Tasmania have been described previously and included eight locations representing a mix of remnant native forest, forestry plantations and agricultural land (Portas et al., ; Batson et al., in press ). Mulligans Flat Woodland Sanctuary, in the Australian Capital Territory, is a  ha remnant of highly threatened box-gum grassy woodland that is the subject of intensive experimental restoration efforts (Manning et al., ; Shorthouse et al., ) . Tidbinbilla Nature Reserve, also in the Australian Capital Territory, incorporates a fenced sanctuary in an area of wet sclerophyll forest and open grassland for the conservation management of threatened Australian species (Fig. ) .
Methods
Previously we established baseline health and disease parameters in  adult (.  year, on the basis of dentition) eastern bettongs ( male,  female) live-trapped during July-October  and April-September  in Tasmania and reintroduced to Tidbinbilla Nature Reserve and Mulligans Flat Woodland Sanctuary (Portas et al., ) . Bettongs released into Mulligans Flat ( males,  females) were monitored via global positioning system/VHF collars and live-trapping approximately every  months. They received no supplemental food and the population was unmanaged. Bettongs at Tidbinbilla ( males,  females) were housed in small groups in natural bushland enclosures (.-. ha) and managed to maximize genetic diversity of offspring; they received supplemental food, including fresh locally available produce and a commercially available pellet, at least weekly. Monitoring was limited to remote observation of feed stations via camera, and live-trapping approximately every  months.
Trapping, sedation and anaesthetic procedures at translocation have been described previously (Portas et al., ) .
At - months post-reintroduction (May-November ) bettongs were captured at both reintroduction sites at night, using padded cage traps baited with a mixture of oats and peanut butter. Traps were set at dusk and checked - hours later. Bettongs were removed from traps and placed in cloth bags before being processed on site. Anaesthesia was induced and maintained using isoflurane in oxygen delivered via a mask. Post anaesthesia, bettongs recovered in cloth bags for up to  hour before being released at the capture site.
The physical examination process, sample and data collection, and sample processing are described in detail in Portas et al. () . Briefly, the following were performed: physical examination; body weight was recorded; pes length was measured; ticks and fleas were collected using forceps and fixed in % ethanol; mites and lice were collected from skin and hair scrapings in glycerine; blood was collected from the lateral coccygeal vein for assessment of haematological and biochemical parameters and serology (Toxoplasma gondii, Macropodid herpesviruses  and  [MaHV-, MaHV-]); pooled swabs from the conjunctival, nasal and urogenital mucosa were collected for the detection of herpesvirus DNA using polymerase chain reaction (PCR); and faecal samples were collected and assessed using the sodium nitrate floatation technique for endoparasite ova. Bettongs were weighed to the nearest gram using electronic scales. For females with pouch young present, weights were adjusted by subtracting the estimated weight of the pouch young (Batson et al., ) . We calculated body condition index using the residuals of a linear regression of body weight against pes length (Johnson, ) . Individuals were identified by the subcutaneous placement of a microchip. Haematological and biochemical analyses were performed by Vetnostics (North Ryde, Australia) within  hours of collection. The following were measured: haematocrit, haemoglobin, red blood cell count, mean corpuscular volume, mean corpuscular haemoglobin, mean corpuscular haemoglobin concentration, platelet count, neutrophils, lymphocytes, monocytes, eosinophils, basophils, sodium, potassium, chloride, bicarbonate, anion gap, urea, creatinine, glucose, bilirubin, aspartate amino transferase, alanine transaminase, gamma glutamyl transferase, alkaline phosphatase, total protein, globulin, albumin, albumin/globulin ratio, calcium, phosphate, creatine kinase, cholesterol and triglyceride. Any haematological and biochemical variables that were significantly different post reintroduction, and potentially influenced by nutrition, were reassessed after statistically adjusting for body weight.
Toxoplasma gondii serology was performed at the Department of Primary Industries, Water and Environment, Mount Pleasant Laboratories, Launceston, Australia, using the direct and modified agglutination tests for antibodies to T. gondii (Johnson et al., ) . Both tests were performed on all sera at translocation, after which time the laboratory ceased to offer the direct test, and sera collected postreintroduction were assayed using the modified test only. Herpesvirus serology and detection of herpesvirus DNA by PCR were performed at the Faculty of Veterinary Science, University of Melbourne, Parkville, Australia, using previously described techniques (Vaz et al., ) .
Haematological and biochemical values (response variables) varied at two levels: between individuals and within individuals. Candidate explanatory variables such as weight varied at both the individual and within-individual levels, whereas the factors sex and site (Tidbinbilla vs Mulligans Flat) varied only at the individual level. The design variable reintroduction (pre-vs post-) varied only at the withinindividual level. Given the multilevel sampling design and data structure, these data were analysed within the framework of general linear mixed models using restricted maximum likelihood, with significance assumed at P , .. For overall inference, information was combined across the two levels. Statistical computation was performed using GenStat  (VSN International Ltd., Hemel Hempstead, UK).
Results
We calculated the body condition index of the reintroduced eastern bettongs but found no significant relationship between body weight and pes length (Fig. ) . Body weight increased (F pr. , .) from a mean of . ± SE . kg at translocation to . ± SE . kg post-reintroduction. There were no significant differences between mean body weights at the two reintroduction sites or between males and females in response to reintroduction.
Haematocrit, haemoglobin, red blood cell count, mean corpuscular haemoglobin and platelets increased whereas white blood cell count, neutrophils, lymphocytes and monocytes decreased post-reintroduction ( Table ) . There were fewer differences between haematological parameters at the two reintroduction sites, with higher platelets, white blood cell count, neutrophils and monocytes in the Tidbinbilla population than the Mulligans Flat population ( Table ) . There were limited differences in response to reintroduction between the sexes other than for platelets, which increased more (P = .), and white blood cell count, which decreased more (P = .) in males. Potassium, anion gap, urea, creatinine, glucose, globulin and triglyceride were all higher post-reintroduction. Sodium, chloride, bicarbonate, aspartate amino transferase, alanine transaminase, gamma glutamyl transferase, albumin/globulin ratio, phosphate, creatine kinase and cholesterol were all lower post-reintroduction ( Table ) . There were few differences between biochemical parameters at the two reintroduction sites, with lower sodium and bicarbonate, and higher anion gap, creatinine, glucose and alkaline phosphatase in the Tidbinbilla population ( Table ) . The only difference between the sexes in response to reintroduction was their phosphate level (P = .), which decreased more in females. Haematocrit (P , .), haemoglobin (P = .), red cell count (P = .), creatinine (P , .) and triglycerides (P = .) were positively related to body weight, whereas mean corpuscular haemoglobin (P = .), urea (P = .) and globulin (P = .) were not.
Sera from all  bettongs were negative for antibodies to T. gondii at both time points. One female had detectable antibodies to alphaherpesviruses MaHV- and MaHV-, as determined by serum neutralization assay at translocation, but had no detectable antibodies  months later. The other  individuals were seronegative at translocation and postreintroduction. A pooled nasal/conjunctival/urogenital tract swab from a single male was positive for herpesvirus DNA (potoroid herpesvirus , PotHV-), using PCR at translocation, but was negative  months later. The other  were negative for herpesvirus DNA, using PCR at both time points. Fleas, lice, mites and ticks recovered from bettongs were deposited in the Australian National Wildlife Collection, CSIRO, Canberra. Five ectoparasite species (Haemolaelaps hatteni, Ixodes cornuatus, I. tasmani, Pygiopsylla zethi, Stephanocircus harrisoni) present at translocation were not recovered post-reintroduction; however, an additional four species (Paraheterodoxus erinaceus, Hetrodoxus cf. ualabti, Eutrombicula macropus, Guntheria cf. shareli) were recovered post-reintroduction ( Table ) . Details of the prevalence of endo-and ectoparasites recovered from bettongs at both time points are in Table  .
Discussion
Our data demonstrate changing health parameters in eastern bettongs following reintroduction to the Australian mainland and are suggestive of improved health in the reintroduced populations. Despite recommendations for ongoing health monitoring in reintroduction programmes there are few reports of continued monitoring beyond translocation and establishment (Kock et al., ; Work et al., ). Furthermore, post-reintroduction health monitoring is often limited to direct observations of morbidity and mortality, with changes at a physiological level receiving scant attention. Our data demonstrate the value of ongoing comprehensive health evaluations for assessing the response of individuals and populations to reintroduction, and can be used as an adjunct to traditional measures for assessing reintroduction outcomes. Body condition index, usually calculated as the residuals of a linear regression of body weight against a linear morphometric measure, has been used to assess body condition in a number of macropodoid species (Stirrat, ; Robert & Schwanz, ). Despite previous validation of the use of body weight and pes length for calculating body condition index in eastern bettongs, through calculating total body water and hence proportion of body fat via isotope dilution, we found no relationship in this study (Johnson, ) . The reasons for this were not readily evident but the assumptions that underlie the calculation of body condition index using this method have been questioned previously (Green, ) . Consequently we assessed changes in body weight in response to reintroduction. Despite the fact that bettongs at Tidbinbilla Nature Reserve received supplemental food there was no difference in mean body weight between the two reintroduced populations, and body weight increased at both sites. This, coupled with haematological and biochemical data, suggests the source populations in Tasmania were experiencing suboptimal nutrition.
Body condition has been positively correlated with the availability of hypogeous fungi in both eastern and northern bettongs Bettongia tropica (Johnson, ; Johnson & McIlwee, ) . We made no attempt to quantify dietary hypogeous fungi intake or assess the nutritional quality of the diet at the source habitat or reintroduction sites. However, bettongs were collected from agricultural land and disturbed and fragmented habitat in Tasmania; sites which may have represented suboptimal habitat and afforded poorer quality diets. Alternatively, lower population densities and lack of competition at the reintroduction sites may have resulted in greater resource availability, improved nutrition and hence higher body weights for reintroduced bettongs.
Comparisons of haematological and biochemical variables at translocation and post-reintroduction revealed significant differences in a range of variables. Some speciesspecific variability in the response of haematological and biochemical parameters to changing environmental conditions has been found in other macropodoids (Ealey & Main, ; Shield, ; Algar et al., ; Stirrat, ; Pacioni et al., ; Robert & Schwanz, ) . Of particular interest in eastern bettongs were increases in haematocrit, haemoglobin, red cell count, creatinine and triglycerides postreintroduction. These variables were positively correlated with weight (rather than reintroduction per se), suggesting they may be useful measures of nutritional status in eastern bettongs.
Haemoglobin concentration in eastern bettongs postreintroduction was comparable to reference values reported for the closely related woylie Bettongia penicillata in Western Australia, suggesting post-reintroduction haemoglobin concentration may be more representative of normal values for the eastern bettong in optimal environments (Pacioni et al., ) . Lower haemoglobin concentrations in response to seasonal declines in diet quality have been demonstrated in western grey kangaroos Macropus fuliginosus, common wallaroos M. robustus and quokkas Setonix brachyurus (Ealey & Main, ; Shield, ; Algar et al., ). In woylies, haemoglobin concentration was also shown to have a positive association with rainfall, presumably mediated via changing nutritional content of forage species (Pacioni et al., ) . In contrast, seasonal changes in nutrition did not influence haemoglobin concentration in agile wallabies Macropus agilis or allied rock wallabies Petrogale assimilis and there was no significant difference in haemoglobin concentration between three subpopulations of tammar wallabies Macropus eugenii living in separate habitats of variable nutritional quality (Spencer & Speare, ; Stirrat, ; Robert & Schwanz, ) .
Increases in red cell count and haematocrit in eastern bettongs post-reintroduction may also be explained by improved nutrition at the reintroduction sites. In woylies, red cell count and haematocrit have also been shown to have a positive association with rainfall (Pacioni et al., ) . In agile wallabies from the wet-dry tropics, haematocrit (but not red cell count) was lower during the dry season, and poor nutrition was postulated as the cause (Stirrat, ) . Haematocrit can increase in response to haemoconcentration but eastern bettongs at the source locations and the reintroduction sites had free access to water, making haemoconcentration secondary to dehydration unlikely. Additionally, total protein, albumin and haematocrit all increase in dehydrated individuals, and in this study neither total protein nor albumin values increased significantly post-reintroduction.
We interpreted the neutrophilia, lymphocytosis and monocytosis observed in bettongs at translocation as a physiological leucocytosis in response to the prolonged period of confinement and transportation prior to sampling (Stockham & Scott, ) . The higher white blood cell, neutrophil and monocyte count observed in the Tidbinbilla population compared with the Mulligans Flat population may reflect variable levels of physiological stress at the two sites. Eastern bettongs at Tidbinbilla have higher faecal corticosteroid metabolites (W. Batson, unpubl. data) , which could support the possibility of an unknown environmental stressor.
Creatinine is influenced by muscle mass and renal function (Stockham & Scott, ) . We attributed the increased creatinine in bettongs post-reintroduction to the greater body mass of the animals rather than dehydration. Reduced creatinine concentrations have been observed in malnourished white-tailed deer Odocoileus virginianus and in tammar wallabies under nutritional stress (Delgiudice et al., ; Robert & Schwanz, ) . In contrast, creatinine concentrations were not significantly different, despite significant changes in body mass, in agile wallabies experiencing seasonal nutritional fluctuations (Stirrat, ) . Urea was also significantly higher in bettongs post-reintroduction, and previous studies of wallaroos, western grey kangaroos, agile wallabies and tammar wallabies have demonstrated a relationship between poor-quality diets or reduced protein intake and low urea concentrations (Ealey & Main, ; Algar et al., ; Stirrat, ; Robert & Schwanz, ) . However, urea was not positively related to weight in this study, and its usefulness as a potential measure of diet quality or protein intake in eastern bettongs is unclear.
An association between triglycerides and kidney fat, a traditional measure of body condition in ungulate species, has been demonstrated in Iberian wild goats Capra pyrenaica (Serrano et al., ) . In macropodoids, triglycerides have been positively correlated with body condition index in tammar wallabies but not in agile wallabies (Stirrat, ; Robert & Schwanz, ) . The positive correlation between triglycerides and body weight in this study suggests that triglycerides may be a useful indicator of body condition in eastern bettongs.
Somewhat unexpectedly, given the observed changes in other parameters, neither total protein nor albumin differed significantly in eastern bettongs post-reintroduction. However, globulins were significantly higher post-reintroduction but were not positively correlated with weight. Total protein and albumin have been used as indicators of body condition in ungulates (Bahnak et al., ; Caldeira et al., ) . Albumin is positively correlated with body condition index in tammar wallabies (Robert & Schwanz, ) and total protein and albumin are associated with protein intake in agile wallabies (Stirrat, ) . The relationship between total proteins, globulins and albumin and body weight in eastern bettongs requires further investigation.
Creatine kinase and aspartate amino transferase values were approximately -and four-fold lower, respectively, post-reintroduction. These differences can be explained by the prolonged period of confinement and transport (up to  hours) prior to sampling at translocation compared with the relatively short period of confinement in traps for sampling post-reintroduction. The initial values probably reflect exertional myopathy, and the values obtained postreintroduction probably reflect more normal values for this species (Portas et al., ) . Post-reintroduction creatine kinase values are comparable with those obtained for another potoroid marsupial, Gilbert's potoroo Potorous gilbertii (Vaughan et al., ) . Significant changes in a range of other biochemical parameters, including electrolytes, are less readily explained and are of unknown clinical significance.
Parasite species are frequently lost when host species colonize a new environment (Torchin et al., ) . The host-parasite factors that resulted in five ectoparasites failing to persist on reintroduced bettongs are unknown but could include environmental factors, changes to host physiology and immune function, host density, transmission efficiency or the lack of intermediate hosts (MacLeod et al., ) . Twelve of the bettongs were treated with ivermectin ( μg kg - ) subcutaneously at translocation to reduce (but not eliminate) gastrointestinal nematode burdens (Portas et al., ) . However, the ectoparasites that failed to persist on these individuals also failed to persist on untreated conspecifics at translocation, making treatment with ivermectin an unlikely explanation for their disappearance. Furthermore, two of the ectoparasites that failed to persist were fleas against which ivermectin is ineffective.
Of the four novel parasites detected post-reintroduction, Paraheterodoxus erinaceus has been reported previously from long-nosed potoroos Potorous tridactylus in Tasmania; Hetrodoxus ualabati has been reported from the swamp wallaby Wallabia bicolor in Victoria, New South Wales and Queensland; Eutrombicula macropus has been reported from macropodoids in the Northern Territory, Queensland, Victoria and South Australia; and Guntheria shareli has been reported from the red-legged pademelon Thylogale stigmatica and the bush rat Rattus fuscipes in north Queensland (von Kéler, ; Domrow & Lester, ; Portas et al., ). Sympatric macropodoids were the most likely source of Paraheterodoxus erinaceus and Eutrombicula macropus; the macropodoid host species for these parasites are present in the Australian Capital Territory, including a population of long-nosed potoroos at Tidbinbilla Nature Reserve. Of the two previously reported hosts for Guntheria shareli only the bush rat occurs in the Australian Capital Territory, and thus represents the most likely source of this ectoparasite. However, identification was based solely on morphological features of the scutum, which may have been damaged in preparation of skin scrapings, hence our designation G. cf. shareli. Similarly, variation in the distribution of setae on females of the Heterodoxus species recovered compared with that described in the published key for the genus (von Kéler, ) may or may not represent normal anatomical variation, hence our designation H. cf. ualabati. The swamp wallaby, sympatric at both reintroduction sites, is the most likely source of this louse species.
Serum-virus neutralization assays were used to detect antibodies against MaHV- and MaHV- (alphaherpesviruses) in serum samples, whereas PCR was used to detect any herpesvirus DNA (including the gammaherpesvirus, PotHV-) in swab samples. The changing antibody and PCR status observed in a small number of bettongs is consistent with observations in other species, where herpesvirus shedding has been detected intermittently following periodic reactivation from latency (Roizman & Pellett, ) . Similarly, one individual was seropositive at translocation but seronegative post-reintroduction. Serum antibodies to herpesviruses generally persist over time but antibody levels can decrease in some individuals and fall below detectable levels, particularly in the absence of reinfection or reactivation (Van Der Poel et al., ; Kaashoek et al., ; Whitley, ). Reactivation of latent herpesvirus infections often occurs during periods of host immune-compromise or stress; a study in Australian marsupials identified poor body condition score as a risk factor for herpesvirus shedding (Stalder et al., ) . The higher body weights and changes to haematological and biochemical parameters suggestive of improved nutritional status could therefore help to explain why these viruses were not detected post-reintroduction. However, further studies are required to investigate this hypothesis, particularly as the rate of herpesvirus infection detected at translocation was low.
In conclusion, we found that the body weight of eastern bettongs increased significantly post-reintroduction but was not significantly different between reintroduction sites or between the sexes in response to reintroduction. A range of haematological and biochemical parameters changed post-reintroduction but there were few differences between reintroduction sites or between the sexes in response to reintroduction. Specifically, haemoglobin, red cell count, haematocrit, creatinine and triglycerides increased and were positively related to weight, providing potentially useful proxies for assessing the nutritional status of eastern bettongs, and hence the suitability of their habitat. Given that all individuals studied survived post-reintroduction, we were unable to establish if any of the variables might be useful predictors of survival. Of the infectious diseases and parasites considered, none impacted overall translocation success or individual survival. However, ongoing monitoring is recommended, as these diseases and parasites could be expected to be of greater importance in suboptimal habitats. The health of eastern bettongs appeared to improve following reintroduction from Tasmania to the Australian Capital Territory. This study demonstrates the value of comprehensive and ongoing health evaluation during reintroduction programmes. By assessing these health parameters we were able to record the physiological response of eastern bettongs to reintroduction, and gain additional information not attained with standard measures of reintroduction success, such as survival and fecundity. We recommend that comprehensive and ongoing health evaluations be incorporated into future reintroductions of the eastern bettong and into wildlife reintroductions more broadly, to facilitate more accurate assessment of reintroduction outcomes.
